The objective of this study was to evaluate sequential digestible phosphorus levels for gilts from 30 to 100 kg. Sixty gilts were used, with an initial weight of 29.98±3.37 kg and final weight of 100.66±8.82 kg, distributed in a randomized block design, with five nutritional digestible phosphorus levels: 2.the growth phases 30 to 50 kg, 50 to 70 kg, and 70 to 100 kg, with six replicates and two animals per pen. The nutritional plans did not influence the final weight, days to reach 100 kg, total and daily weight gain, total and daily feed intake, crude protein intake, digestible lysine intake, or metabolizable energy intake. An increase in digestible phosphorus and calcium intake was observed according to the increase in the digestible phosphorus level in the diet. There was a significant effect on feed conversion. No effect of nutritional plans was observed for backfat thickness, muscle depth, loin eye area, lean meat percentage, or carcass bonus index. There was no difference in the production of dry and natural matter or the residue coefficient. The effect of the nutritional digestible phosphorus levels in the contents of total solids and volatile solids was verified. There was a difference in the concentration of total nitrogen and total phosphorus in the manure. The nutritional plan with 3.19-2.88-2.68 and 3.69-3.38-3.18 g kg −1 of digestible phosphorus results in better feed conversion than the basal diet. For a lower excretion of phosphorus in the manure, the recommended nutritional plan is 2.19-1.88-1.68 g kg −1 of digestible phosphorus.
Introduction
In pork production, dietary phosphorus supplementation is very important because it is directly involved in metabolism and formation of the bone matrix, along with the levels of calcium and other minerals. Approximately 80% of phosphorus is found in bones and teeth, mainly in the form of hydroxyapatite, with a w:w ratio of 1:2 with calcium. In addition, it is present in soft tissues, is a nucleic acid constituent, and functions in energy metabolism in the form of ATP, ADP, and AMP, synthesis of carbohydrates, lipids, and proteins, maintenance of acid-base balance, and formation of cell membrane phospholipids (Lehninger et al., 2005) . Some factors can influence phosphorus requirement. For example, different genetic potentials for deposition of lean tissue in the carcass present different mineral requirements; this is caused by different proportions of soft tissue in relation to bone tissue (Hendricks and Moughan, 1993) .
Many studies have shown that the nutritional requirement of pigs varies not only according to the growth phase but also according to genotype, sex, health, ambient temperature, and population density (Saraiva et al., 2009) . Even with these differences, it should be considered that excess phosphorus supplementation may affect the animal performance. Furthermore, it may cause an environmental effect because of its excretion into the environment (Saraiva et al., 2009) .
Excess phosphorus is excreted by the animal in manure, and together with nitrogen, has a high environmental effect when the waste does not undergo any type of treatment (Genova et al., 2015) . Even though most of the soils are deficient in phosphorus and nitrogen, their repeated release into soil causes an accumulation, creating toxic effects on plants and groundwater due to leaching (Carvalho and Zabot, 2012) . The most interesting strategy to reduce phosphorus excretion is to improve the nutrient utilization efficiency in animal nutrition by using the appropriate concentrations, according to the requirements of the growing phases (Nieto et al., 2016) .
However, there are few studies in literature that evaluated sequential phases and nutritional plans of phosphorus for pigs. Therefore, further studies related to phosphorus levels are necessary, especially those considering the growth phase of animals. In this context, the objective of this study was to evaluate sequential nutritional digestible phosphorus levels for gilts from 30 to 100 kg in terms of performance, carcass traits, and manure characterization.
Material and Methods
The research was carried out in Terenos, Mato Grosso do Sul, Brazil (latitude 20°26'32"S, longitude 54°51'37"W). Research was approved by the Institutional Committee on Animal Use (case number 721/2015).
Sixty gilts (Duroc/Pietran × Large White/Landrace), with an initial weight of 29.98±3.37 and a final weight of 100.66±8.82 kg, were used in a 73-day trial. The animals were housed in a brick shed containing twenty-five 1.15 m wide × 2.86 m long pens, equipped with semi-automatic feeders, bite drinkers, and a gutter with water in the bottom of the pen.
Dry bulb, wet bulb, black globe, and relative air humidity (%) were measured daily at 08.00 and 16.00 h at six points at the height of the back of animals using a portable digital thermometer, model ITWTG2000. The wet-bulb globe temperature (WBGT) index was calculated using the same equation used by Nieto et al. (2018) . The average values of ambient temperature, relative humidity, and WBGT index were 25.59±3.07 °C, 79.98±13.87%, and 75.30±4.00, respectively.
The initial body weight of the animals was considered for the randomized block design, and the animals were allotted in one of five nutritional plans: 2.19-1. 88-1.68, 2.69-2.38-2.18, 3.19-2.88-2.68, 3.69-3.38-3.18, and 4.19-3.88-3 .68 g kg −1 , for the phases 30 to 50, 50 to 70, and 70 to 100 kg, with six replications and two gilts per experimental unit.
Diets were formulated based on corn and soybean meal, supplemented with minerals and vitamins to meet the nutrient requirements of gilts according to Rostagno et al. (2011) . The total phosphorus (TP) concentration of ingredients was evaluated by laboratory tests. The preparation of the experimental diets was based on the digestibility coefficients established by Rostagno et al. (2011) (Table 1) .
Experimental diets (Table 2) were supplemented with dicalcium phosphate, considering the reference diet, preparing five diets with different concentrations of digestible phosphorus for each phase (30 to 50 kg: 2.19, 2.69, 3.19, 3.69, and 4.19 g kg −1 ; 50 to 70 kg: 1.88, 2.38, 2.88, 3.38, and 3.88 g kg −1 ; 70 to 100 kg: 1.68, 2.18, 2.68, 3.18, and 3.68 g kg −1 ). To maintain the constant calcium:digestible phosphorus ratio, diets were supplemented with limestone.
All feed was provided ad libitum during the experimental period. Feed wastes were collected daily from the floor, weighed weekly, and added to the leftovers at the end of each experimental phase to determine the average daily feed intake.
The weight of the animals was measured at the beginning and end of the experimental period to calculate the daily gain and feed conversion. At the time of the final weight, measurements of the loin eye area (cm²), backfat thickness (mm), and muscle depth (mm) were performed by in vivo ultrasonography. The ultrasound device used was the ALOKA 500V, with a 12 cm acoustic probe with a frequency of 3.5 Mhz. A silicone coupler was used, which accompanies the arching of the ribs allowing for perfect coupling of the transducer with the body of the animal. Soybean oil was used to avoid air between the probe and skin. To perform the ultrasonography, the probe was positioned between the 12th and 13th ribs. All images were stored in a computer and later analyzed using the program LINCE ® (M & S Consultoria Agropecuária Ltda).
The carcass lean tissue percentage was calculated using the following equation by Guidoni (2000): Lean tissue (%) = 60 − [(backfat thickness (mm) × 0.58) + (loin depth (mm) × 0.10).
The manure produced was quantified, and analyses were conducted for physical (total [TS] and volatile [VS] solids) and chemical (total nitrogen [TN] and TP) characterization. Within 24 h after cleaning and drying the water in the bottom of the pen, manure was collected with a shovel, weighed, placed in plastic bags, identified, and stored in a freezer at −12 °C. They were subsequently placed at room temperature for analysis. Manure production, expressed in kg TS per animal per day, was calculated using the data from manure weight in kg, number of animals housed, number of days, and TS content found in the manure, according to equation: Production of manure = (kg of manure per animal per day × TS).
The residue coefficient (RC) was also calculated, which indicates the amount of manure generated per kilogram of the main product. The RC was obtained considering the total amount of manure produced (dry matter basis) in relation to the weight gain of animals, according to equation: RC = (Production of manure/weight gain).
Contents of TS and VS were determined according to APHA.AWWA.WPCF (2012). The concentrations of TN and TP were determined according to the methodology described by Silva and Queiroz (2002) .
Data obtained on performance, carcass traits, and manure characterization were subjected to analysis of variance, considering the initial weight as a covariate. Differences in study variables were evaluated using Tukey test at a significance level of 5%, and the tests were performed using SAS statistical software (Statistical Analysis System, version 9.1).
The statistical model used to test the effect of treatment and blocks was:
in which Y ijk is the quantitative response variable, μ is the overall mean, T is the effect of i-th nutritional plan, B is the effect j-th block, and ε is the random error.
Results
The nutritional plans did not influence (P>0.05) the final weight, days to reach 100 kg, total and daily weight gain, total and daily feed intake, crude protein intake, digestible lysine intake, or metabolizable energy intake (Table 3 ). There was a significant effect (P<0.01) for feed conversion for the nutritional plans 3.19-2.88-2.68 and 3.69-3.38-3.18, which presented the lowest values for feed conversion. A difference (P<0.01) was observed for digestible phosphorus and calcium intake, which increased as the phosphorus level in the diet increased.
There was no effect of nutritional plans (P>0.05) on backfat thickness, muscle depth, loin eye area, lean meat percentage, and carcass bonus index (Table 4 ). There was no difference (P>0.05) in the production of dry matter, natural matter, or RC, demonstrating that the nutritional digestible phosphorus levels in the diets for gilts from 30 to 100 kg did not alter manure production (Table 5 ).
There was an effect (P<0.01) of the nutritional digestible phosphorus levels on TS and VS contents (Table 6 ). There was a difference (P<0.01) in TN concentration in manure among the nutritional digestible phosphorus levels. The TP concentration also differed (P<0.01), and the excretion of TP in the manure increased with the digestible phosphorus level in the nutritional plans. MPNM -manure production in natural matter; MPDM -manure production in dry matter; RC -residue coefficient. 1 kg day −1 animal −1 . 2 kg manure −1 kg BW −1.
Discussion
The mean values of daily feed intake were 2.410 kg higher than those established by Rostagno et al. (2011) , who recommended intake of 2.320 kg, and lower than the 2.508 kg recommended by Rostagno et al. (2017) .
Another study did not observe any effects on feed intake of gilts from 33 to 55 kg and 88 to 109 kg (Hastad et al., 2004) . Nieto et al. (2018) also did not observe effects on feed intake of barrows from 30 to 100 kg, when evaluating different nutritional plans. Conversely, a significant difference in daily feed intake, considering digestible phosphorus levels for pigs from 9 to 119 kg, was observed in a study conducted by Stahly et al. (2000) .
According to Gonzalo et al. (2018) , dietary phosphorus deficiency affects feed intake and growth of pigs, being more significant in younger pigs. It can be explained because low phosphorus levels decrease basal metabolism, consequently, decreasing appetite. It can be inferred from the present study that the digestible phosphorus levels did not negatively affect feed intake, considering there was no extreme nutritional deficiency in phosphorus.
In the present study, animals consuming the basal nutritional plan of 2.19-1.88-1.68 g kg −1 presented lower feed intake than those on the 4.19-3.88-3.68 g kg −1 plan; however, it was still possible to meet the requirements of animals with a lower digestible phosphorus supply. Because of the difference in the digestible phosphorus intake, animals fed the nutritional plan 2.19-1.88-1.68 g kg −1 consumed 30% less digestible phosphorus compared with the animals on nutritional plan 3.19-2.88-2.68 g kg −1 , without detriment to performance. Because daily feed intake did not increase, it could be inferred that the response was linked to the increase in phosphorus levels in the diets. Calcium intake increased with increasing digestible phosphorus levels in the diet, and the effect on calcium was related to diets, which was formulated to maintain the recommended 2:1 of calcium:phosphorus ratio.
However, the values presented in the present study are below the recommendations established by Rostagno et al. (2011) , which were 3.19, 2.88, and 2.68 g kg −1 with a daily intake of 5.73, 6.68, and 7.27 g digestible phosphorus for gilts with high potential for deposition of muscle tissue in the growth phases of 30 to 50, 50 to 70, and 70 to 100 kg, respectively. These values were also lower than those of the most recent Brazilian table, which recommended 3.49, 3.04, and 2.74 g kg −1 and a daily intake of 5.44, 6.35, and 6.89 g digestible phosphorus for sows with high potential for deposition of muscle tissue in the growth phases of 30 to 50, 50 to 70, and 70 to 100 kg, respectively (Rostagno et al., 2017) .
According to NRC (2012), the recommended digestible phosphorus for swine is 3.30 g kg −1 for 25 to 45 kg, 3.30 g kg −1 for 45 to 90 kg, and 2.80 g kg −1 for 90 to 135 kg. On the other hand, the digestible phosphorus intake recommendations by the FEDNA tables (Blas et al., 2013) are 2.80 g kg −1 for 20 to 60 kg and 2.50 g kg −1 for 60 to 100 kg.
Because phosphorus is an onerous ingredient in diets of pigs, we recommend the nutritional plan 3.19-2.88-2.68 g kg −1 for better feed conversion, which represents the values recommended by the Brazilian tables (Rostagno et al., 2011) for the phases studied. O'Quinn et al. (1997) and Bünzen et al. (2012) did Nutritional plans: 1-2.19-1. 88-1.68, 2-2.69-2.38-2.18, 3-3.19-2.88-2.68, 4-3.69-3.38-3.18, 5-4.19-3.88-3 .68 g kg −1 of digestible phosphorus. TS -total solids; VS -volatile solids. abcd -Means followed by different letters in the row differ (P<0.05) by Tukey test.
7 not find any effects on feed conversion for pigs in the growing phase. Similarly, Nieto et al. (2018) did not find any effects on feed conversion when evaluating nutritional plans of digestible phosphorus for barrows from 30 to 100 kg.
Similar results to those observed for the carcass traits in the present study were found in different studies, such as those of Traylor et al. (2005) , Arouca et al. (2010) , Arouca et al. (2012) , and Nieto et al. (2018) , who evaluated pigs from growing to finishing phase fed diets with different available and digestible phosphorus levels.
It can be inferred that phosphorus levels did not affect manure production because they also did not alter the daily feed intake of the animals. The mean residue coefficient was 0.284 kg of manure per kg of body weight, which indicates that during the study period, the animals produced 0.284 kg of waste per 1.00 kg of body weight. Different values of residue coefficients were reported by Miranda et al. (2012) , who found 0.230 kg of waste per kg of body weight for growing pigs and 0.470 kg of waste per kg of body weight for pigs from birth to slaughter. The purpose of assessing the residue coefficient in animal production is to determine whether the animal is efficiently using the feed it receives and turning it into a final product, i.e., swine transforming feed into meat. Values smaller than 1.0 indicate productive efficiency for the system.
The averages for TS and VS were 32.56 and 81.49%, respectively. Values above 80% for VS indicate that a large amount of organic material is present in swine manure. If it does not receive the correct treatment, the manure could cause contamination of the environment. Miranda et al. (2012) found lower values for TS (23.80%) and higher values for VS (85.9%) for manure from pigs fed diets based on maize and sorghum.
The TS content refers to the material remaining after the removal of water from the waste by evaporation and the VS content, which is the part of TS lost in the form of volatile gases. Based on the VS content, it can be determined if the material is predominantly organic. Consequently, the correct treatment by biological or chemical methods can be determined. The VS content in swine manure varies according to the stage of animal body development (Souza et al., 2009 ).
The mean TP data (2.05%) found in the present study is close to that observed by Miranda et al. (2012) . Swine manure, rich in phosphorus and nitrogen, if deposited in the environment, can result in a number of problems. The major concern regarding nitrogen excretion in pig feces is related to the release of untreated manure into the environment, where it can be transformed into nitrates and leached into the water table (WHO, 2004) . Phosphorus, when reaching water sources, promotes the growth and development of aquatic plants, increasing the competition between plants and aquatic animals for oxygen, in a process known as eutrophication (Moreira et al., 2010) . The mean TN value in the manure was 3.34%, which was lower than 3.97% for pigs fed a corn-based diet and 6.08% for pigs fed sorghumbased diets (Miranda et al., 2012) .
Adequate phosphorus levels for growing and finishing pigs are those that meet the performance requirements with limited excretion into the environment. From our study, two results can be inferred. The first recommendation is a basal nutritional plan with 2.19-1.88-1.68 g kg −1 of digestible phosphorus, which corresponds to a daily intake of 4.26 g. This diet did not compromise performance or the carcass traits, while from an environmental point of view, it resulted in a lower percentage of excreted TP and TN, thereby reducing waste pollution in the environment. The second recommended nutritional plan is 3.19-2.88-2.68 g kg −1 of digestible phosphorus, corresponding to a daily intake of 6.62 g, which presented a lower feed conversion.
Conclusions
The nutritional plans 3.19-2.88-2.68 and 3.69-3.38-3.18 g kg −1 of digestible phosphorus, respectively, result in better feed conversion than the basal diet, the nutritional plan 2.19-1.88-1.68, for gilts from 30 to 100 kg. This nutritional plan 2.19-1.88-1.68 g kg −1 of digestible phosphorus corresponds to levels of the basal diet and allows for a reduction in phosphorus excretion in the manure compared with other nutritional plans, except for nutritional plan 2.69-2.38-2.18 g kg −1 of digestible phosphorus.
